Summary: Alteration in the concentration of a 200 kDa neurofilament (NF200) in the rat hippocampus after fore brain ischemia and its relationship to hippocampal neu ronal death were studied with an anti-200 kDa neurofila ment antibody, using immunohistochemical and immuno blotting techniques. In rats subjected to 8 min of transient forebrain ischemia, hematoxylin-eosin staining showed survival of most of the neurons in the hippocampal CAl region at 1 day and loss of more than 75% of the neurons at 7 days after ischemia. Immunoblotting showed that the concentration of NF200 in the hippocampal homogenate tended to decrease after ischemia, to 69% of that of con-"Delayed neuronal death" in the hippocampal CAl region of the gerbil and rat brain has been ex tensively studied in recent years (Kirino, 1982) . Glutamate excitotoxity and calcium metabolism have been reported to be major contributing factors (Benveniste et aI. , 1984(Benveniste et aI. , , 1988 Rothman, 1984; Si mon et aI. , 1984; Deshpande et aI. , 1987; Choi and Rothman, 1990; Warner et aI. , 1991). Recently, however, the activation of calpains (calcium sensitive proteases) has been postulated to play an important role in the pathogenesis of calcium triggered neurodegeneration. Several cytoskeletal proteins are preferred substrates for calpain (e .g., neurofilament proteins, microtubule-associated protein MAP2, and spectrin). Using a decapitated rat ischemic model, we have previously reported Received March 16, 1992; final revision received November 16, 1992; accepted November 16, 1992. Address correspondence and reprint requests to Dr. T. Tsukahara at Department of Cerebrovascular Surgery, National Cardiovascular Center, Fujishiro-dai, Suita, Osaka 565, Japan.
"Delayed neuronal death" in the hippocampal CAl region of the gerbil and rat brain has been ex tensively studied in recent years (Kirino, 1982) . Glutamate excitotoxity and calcium metabolism have been reported to be major contributing factors (Benveniste et aI. , 1984 (Benveniste et aI. , , 1988 Rothman, 1984; Si mon et aI. , 1984; Deshpande et aI. , 1987; Choi and Rothman, 1990; Warner et aI. , 1991) . Recently, however, the activation of calpains (calcium sensitive proteases) has been postulated to play an important role in the pathogenesis of calcium triggered neurodegeneration. Several cytoskeletal proteins are preferred substrates for calpain (e .g., neurofilament proteins, microtubule-associated protein MAP2, and spectrin). Using a decapitated rat ischemic model, we have previously reported trol at 1 day and to 60% of the control value at 7 days after 8 min of forebrain ischemia. Following 5 min of ischemia as well, the decrease in the concentration of neurofila ments in the hippocampal region preceded histological confirmation of neuronal cell death. These results suggest that degradation of neurofilament triplet proteins oc curred even after ischemia of minimal duration and pre ceded neuronal death. Degradation of cytoskeletal pro teins may play an important role in the mechanism of delayed neuronal death after cerebral ischemia. Key Words: Neurofilament-Cytoskeletal protein-Cerebral ischemia-Delayed neuronal death.
that degradation of the 200 kDa neurofilament (N F200) (Ogata et aI. , 1989) and MAP2 (Ogata, 1989) occurs in the very early stage of the postisch emic period. Moreover, marked accumulation of spectrin degradation products caused by calpain has been shown to occur in the vulnerable neurons after transient ischemia (Seubert et aI., 1989) , and this is blocked by inhibitors of cal pain (Lee et aI. , 1991) . However, the metabolism of NF200 after forebrain ischemia has not yet been studied. Neurofilaments (N Fs), the intermediate filaments of nerve cells, are abundant in axonal processes and are involved in axonal transport and the mainte nance of cell shape (Grafstein and Forman, 1980; Griffin and Watson, 1988; Callahan et aI., 199 1) . Degradation of NF triplet proteins NF200 (MW 200,000), NF150 (MW 150,000), and NF68 (MW 68,000) has been observed in transected rat sciatic nerve and in experimental spinal cord. injury (Wuerker and Kirkpatrick, 1972) . NF200 has been shown to play an important role in intracellular transport (Grafstein and Forman, 1980; Griffin and Watson, 1988; Callahan et aI. , 1991) , thus suggest ing that the degradation of NF200 induces an im-pairment of intracellular transport and eventual cell death through destruction of the neuronal cytoar chitecture (Ogata, 1989; Ogata et aI. , 1989) .
In this study, transient forebrain ischemia was induce d , producing "delayed neuronal death" in the CAl region of the rat brain, following which the time course of NF200 degradation was studied im munohistochemically and by immunoblotting anal ysis to clarify the possible relationship between the degradation of cytoskeletal protein and "delayed neuronal death. "
MATERIALS AND METHODS

Surgical procedure
Male Wistar rats weighing 250-300 g were used for the experiments. "Delayed neuronal death" was induced in the rat hippocampus by transient occlusion of both com mon carotid arteries and by lowering the systemic sys tolic blood pressure to 50 mm Hg, according to the meth ods described by Smith et al. (1984) with some minor modifications. The duration of cerebral ischemia was set to 2, 5, and 8 min. The animals were fasted overnight prior to the operation.
Anesthesia was induced with 3.5% halothane, and rats were intubated and connected to a Starling type respira tor delivering 0.7% halothane and 30% O2 in N20. Sili cone catheters were inserted into the femoral artery and vein, and plasma glucose levels were measured with a Beckman Glucose Analyzer immediately after insertion of the arterial catheter. The common carotid arteries were exposed via a neck incision. Halothane was then discon tinued, and the rats were allowed to remain in a steady state for a period of 30 min, with the body temperature maintained at 37°C, arterial P02 at 90-100 mm Hg, and Pc02 at 35-40 mm Hg. Prior to the sampling of blood for the first blood gas measurement, 50 I. U. of heparin was given intravenously. Ischemia was induced by infusion of trimethaphan camphor sulfonate to induce a fall in the systolic blood pressure to -100 mm Hg, followed by bi lateral common carotid clamping and central venous ex sanguination to reach a systolic blood pressure of 50 mm Hg, at which point a timer was started. In the experimen tal animals, the cessation of EEG activity was confirmed. Following the desired duration of ischemia, the blood pressure was restored by rapid reinfusion of the shed blood, and the carotid clamps were removed. When the blood pressure had reached preischemic levels, the caval catheter was removed and the neck incision was closed with sutures. Rats of the control group (sham-operated group) were anesthetized in the same way and neck inci sions were made, but no ischemia was induced.
In several of the initial cases, the EEG was recorded with a pair of needle electrodes placed on the dura, and cortical CBF was measured by a laser Doppler method to confirm the degree of ischemia.
In animals used for histopathologic analyses, the blood pressure was continuously recorded during the early re covery period, and arterial blood samples were taken for the control of P02, Pc02, and pH. The temperature was maintained at 37 ± 0.2°C. After a recovery period of 0-60 min, the animals regained consciousness, resumed spon taneous respiration, and could be disconnected from the respirator. They were subsequently extubated. The ani mals were housed in cages with access to tap water and pellet food. During the postoperative week, the rats were weighed and examined daily to assess their nutritional state and neurological status. On day 1 or day 7 after the experiment, the animals were reanesthetized with halo thane, connected to the respirator, and perfusion fixed via the ascending aorta with 4% formaldehyde buffered to pH 7.35, preceded by a 30 s rinse with saline. Both solu tions were prewarmed to 37°C and were infused at a pres sure of 100 mm Hg. The brains were allowed to stabilize in situ until removal on the next day and subsequent stor age in cold fixative.
For the immunoblotting study, another group of oper ated rats was decapitated immediately (day 0), and 1 and 7 days after ischemia. The brains were rapidly removed within 60 s and placed in ice-cold saline to wash out the blood and to lower the temperature. Thereafter, the hip pocampus was dissected on a plate placed on ice within 2 min and stored at -80°C until analysis.
Staining for histopathology
The brains were cut coronally into 2.8 mm thick slices and dehydrated in graded strengths of ethanol over 2 days. Following clearing in xylol and embedding in par affin, they were sub serially sectioned at 8 f.Lm on a Reichert sledge microtome and stained with hematoxylin and eosin (HE). Section intervals were adapted to obtain specific standard levels of the caudate nucleus, cerebral cortex, and hippocampus for quantification of brain dam age. The cerebral cortex was evaluated at the level of the subfornical organ, and the hippocampus was sectioned at seven levels throughout its septotemporal extent. Quan tification of damaged neurons was performed blindly by an independent microscopist without knowledge of the animal groups, by counting pink acidophilic neurons at a magnification of 400 x , using a two-channel laboratory cell counter.
Immunohistochemistry
Immunohistochemical study of NF was performed on 8 f.Lm brain sections through the hippocampus by the avi din-biotin peroxidase complex method (Vectastatin ABC kit). H202 at 0.3% and methanol were added to block endogenous peroxidase. After 30 min, the H202 was re moved and the sections were washed twice in phosphate buffered saline (PBS) and incubated in 2% bovine serum albumin for 20 min. The bovine serum albumin was re moved and anti-NF200 monoclonal antibody (Amersham) diluted to 1: 100 was added to the sections. The sections were then incubated overnight at 4°C, washed three times in PBS, and then incubated in biotinylated anti mouse IgG peroxidase-conjugated secondary antibody (VECTOR) diluted to 1:300 for 1 h at room temperature. The sections were then washed three times in PBS, de veloped in diaminobenzidine diluted in H202, mounted on glass slides, and examined by light microscopy. To insure comparable staining, sets of control and postischemic brain sections to be compared were processed at the same time in exactly the same manner. Evaluation of the stain ing was performed blindly by an independent microsco pist.
SDS-PAGE and immunoblotting
Each hippocampus was homogenized in 50 mM Tris HCl (pH 7.4), 0.32 M sucrose, 2 mM EDTA, 0.5 mM EGTA, 2 mM dithiothreitol, 2 mM PMSF, 100 J.Lg/ml of leupeptin, 10 J.Lg/ml of aprotinin, and 5 J.Lg/ml of pepstatin. The total protein concentration in homogenates was de termined using a commercial assay (Pierce). Bovine se rum albumin was used as the standard. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of hippocampal homogenate was performed according to Laemmli's procedure (Laemmli, 1970) . Proteins from control and postischemic brains were transferred from 4 or 20% gradient SDS-PAGE gels to the same poly(vi nylidene fluoride) (PVDF) membrane filter (ATTO) for the quantitative comparison, using a semidry system (ATTO). The blots were blocked for 30 min with 2% gel atin in 50 mM PBS, following which they were incubated overnight at room temperature with an anti-NF200 mono clonal antibody (Amersham) diluted to 1: 1000 with 3% bovine serum albumin and 0.05% Tween in PBS. The blots were then washed three times in 0.05% Tween in PBS and incubated for 1 h at room temperature with bi otinylated antimouse IgG secondary antibody (VECTOR) diluted to 1:1,000 in PBS. The blots were washed three times in 0.05% Tween in PBS and immunostained with antisera, using an avidin-biotin complex peroxidase pro cedure, and color was developed using diaminobenzidine in the presence of H202• The blots were then scanned with a spectrodensitometer (Shimadzu) operating at 560 nm for the quantification of NF200. Optical densities of the blots from control brains were standardized according to the protein content, and the optical density of the blot from postischemic brain was compared with those of con trol brains on the same membrane. 
Statistical analysis
RESULTS
Physiological parameters during ischemia Figure 1 shows the systemic blood pressure and cerebral blood flow in this experimental model. During ischemia, the regional CBF decreased to 10 to 15% of its preischemic value. Immediately after recirculation, the regional CBF was slightly higher than its preischemic value, and it subsequently sta bilized at -80% of the preischemic value (Fig. 1) . Table 1 shows the changes in regional CBF in three experimental groups of rats subjected to ischemia for 2, 5, and 8 min. There were no significant dif ferences in regional CBF among the three experi mental groups either during or after transient isch emia. EEG activity disappeared immediately upon the reduction in regional CBF; however, it reap peared with cerebral recirculation.
HE staining
The phenomenon known as delayed neuronal death was confirmed to have developed in this ex perimental model. The percentage of necrotic neu rons in the hippocampal CAl region is summarized in Table 2 . One day after ischemia, only a small number of necrotic cells was observed in both the hippocampus and cerebral cortex. Seven days after ischemia, an increased number of necrotic cells was seen in the CA 1 region in both the 5 and 8 min of ischemia groups, whereas most cells in the 2 min of ischemic group were intact. Immunohistochemistry with NF200 antibody Dense NF200 staining was observed in the con trol rat hippocampus. After transient ischemia, however, the staining density decreased markedly (Fig. 2) . Microscopic specimens were classified into three categories on the basis of the NF200 staining density; normal baseline (two points), moderate de crease (one point), and total absence of staining (zero points). The results of NF200 immunohisto chemical staining according to this classification are summarized in Table 3 . One day after ischemia, NF200 staining density was already decreased in the 8 min of ischemia group; and in the 2 and 5 min of ischemia groups, the staining density was de creased in some specimens. Seven days after isch emia, the staining density was lower than on day 1, and the longer the duration of ischemia, the greater the decrease in NF200 staining density.
Immunoblotting
NF200 was demonstrated as a single protein band with approximate molecular weight of 200 kDa in the control immunoblot. No apparent bands of other molecular species of neurofilament proteins were observed (Fig. 3) . The concentration ofNF200 in the rat hippocampal homogenate tended to de crease immediately after ischemia, and the decrease became statistically significant on day 1 (Fig. 4) . This decrease in NF200 on day 1 was more marked in the 5 and 8 min of ischemia groups than in the 2 min of group. The concentration of NF200 also de creased gradually during the following 7 days in all groups. On day 1, NF200 of the 5 and 8 min of groups had already decreased to 60-70% of the control value, with the greatest decrease being seen by day 7 (Fig. 4) .
DISCUSSION
In this study, we confirmed that forebrain isch emia induced by temporary clipping of both carotid arteries and lowering of the systemic blood pressure caused delayed neuronal death in the rat hippocam pal CAl region. The cortical CBF, measured by laser Doppler methods, was low enough to induce temporary dysfunction of neuronal activity during ischemia. Immediate permanent destruction of the cortical neurons did not occur during the ischemic period set in this experiment, as confirmed by the finding that EEG activity disappeared during the ischemic period and reappeared immediately after cerebral reperfusion. Histological staining demon strated that most of the neuronal cells in the CAl region were necrotic on the seventh day after isch emia, although they were not yet destroyed 24 h after ischemia. These phenomena are in accordance with previous reports of delayed neuronal death by many researchers (Pulsinelli and Brierley, 1979; Kirino, 1982) . The hippocampal CAl region is one of the brain areas most vulnerable to ischemic in sult, and the volume of the ischemic lesion in creased according to the duration of forebrain isch emia. This type of neuronal cell death has been a subject of interest to many researchers because it does not seem to be induced by a simple energy deficiency after ischemia. It is possible that some therapeutic methods could prevent actual cell death after ischemia, since there is a time lag between the ischemia and cell death. Glutamate excitotoxicity and the subsequent elevation of intracellular cal cium concentration may play an important role in the mechanism of cell death (Kirino, 1982; Ben veniste et aI., 1984 Ben veniste et aI., , 1988 . Since it has been re ported that there is a rich innervation of glutamin ergic neurons in the CAl hippocampal region (Ben-
Immunohistochemical staining of the rat hippocampus 7 days after ischemia; A: 2 min of ischemia, two points; B: 8 min of ischemia, 0 point. The staining density in the CA1 region (arrowhead) was markedly decreased 7 days af ter 8 min of ischemia. The Schaffer commissural fiber is absent in field CA1, but not in field CA3 (Fig. 38) .
veniste et aI., 1988; Siesjo and Bengtsson, 1989) , that the extracellular concentration of glutamate in creased markedly after cerebral ischemia (Ben veniste et aI., 1984) , and that glutamate induced the elevation of intracellular calcium concentration (Benveniste et aI., 1988; Choi and Rothman, 1990) , it could be concluded that glutamate and calcium CAl = CAl sector of hippocampus, CA3 = CA3 sector of hippocampus, Dentate = dentate gyrus, Cortex = cerebral cortex.
Each group, n = 6.
a Light microscopic specimens were classified as normal baseline, grade 2; moderate decrease, grade I; and total absence of staining,
are probably the triggers of neuronal cell death of this type (Siesj6 and Bengtsson, 1989) . Stimulation of N-methyl-D-aspartate (N MDA) re ceptors produces an increase in spectrin degrada tion products in the hippocampus, resulting from calpain activation (Seubert et aI., 1988) . Lee et aI. (1991) reported that ischemia also causes spectrin degradation, well in advance of overt pathology, and that inhibitors of calpain blocked the degrada tion and neuronal cell loss. They speculated that activation of calpains is an important biochemical mechanism leading to neuronal death.
Candidates for the initiating factor or event in the mechanism of delayed neuronal death must at least meet the following conditions: First, the initiating factor must precede the morphological changes. Second, the severity of the factor or event must be correlated with the severity of the late morpholog ical change. Third, this factor or event must have a link with the early changes that occur specifically in the CAl region, and, finally, it must cause a meta bolic disturbance with slow progression. The hy pothesis that "delayed neuronal death" may be re lated to the degradation of cytoskeletal protein meets these conditions.
In this experiment, the reduction in NF200 pre ceded the morphological changes in CAl pyramidal neurons, with a reduction of � 30-40% in severe cases. Since the Western blot specimen included not only the CAl region, but also the whole hippo campus, including the CA3 region, in view of the fact that most neurons of the CA3 region remain unaffected, the damage to CAl neurons would have been more severe than that represented in the re sults. The severity of the NF200 change correlated well with the severity of morphological changes in the CAl neurons, thus providing further evidence that the degradation of NF200 directly affects the progression of "delayed neuronal death." Although not statistically significant, the concen tration of NF200 tended to decrease even after slight ischemia, where there was no development of "delayed neuronal death. " This may lead to the conclusion that slight degradation of NF200 does not necessarily cause "delayed neuronal death. " Since destruction and construction of cytoskeletal elements occur continuously in normally function ing neurons (Wuerker and Kirkpatrick, 1972, Grif fin and Watson, 1988; Callahan et aI. , 199 1) , it is natural to consider that cell death occurs only when the degree of destruction reaches a certain thresh old level or when other adverse effects are also present.
NF200 never recovered to preischemic levels during the 7-day recovery period after ischemia. Al though the precise mechanism of intracellular trans port is not fully understood and the involvement of neurofilaments in intracellular transport is still ob scure, many reports now support the idea that neu rofilaments are associated with slow axonal trans port, and that their disturbance leads to cellular dysfunction (Laemmli, 1970; Griffin and Watson, 1988; Mitsumoto et aI. , 1988; Callahan et aI. , 1991 ). An altered distribution of NF has been reported in such neurodegenerative diseases as Charcot Marie-Tooth disease and amyotrophic lateral scle rosis ( G riffin and Watson, 1988; Mitsumoto et aI., 1988; Callahan et aI. , 199 1) . Thus, it is likely that massive destruction of NF200 in ischemia affects the normal intracellular transport mechanism, and that this leads to disturbed transport and congestion of NF200 within the cell body, with subsequent in hibition of the synthesis of NF200 itself by a nega-tive feedback mechanism. The most probable cause of the changes in NF200 is the action of a protease, most probably calpain I (Schlaepfer et aI., 1985; Ogata, 1989; Ogata et aI., 1989 ). An increase in Ca 2 + in the cytoplasm during ischemia is able to activate this protease. It has been reported that the intracellular level of Ca 2 + in the CAl region is con tinuously elevated during ischemia (Deshpande et aI., 1987) . In this situation, the activation of calpain I and the subsequent degradation of NF200 would be high specifically in the CAl region compared to other regions.
This theory can provide a link between glutamate and "delayed neuronal death," with the metabolic sequence being glutamate-intracellular elevation of Ca 2 + -activation of calpain I-degradation of NF20O-disturbance of protein synthesis (Kleinhues and Hossmann, 197 1)-"delayed neuronal death." Glutamate and calcium thus meet the necessary conditions as candidates for initiating factors or events underlying the mechanism of "delayed neu ronal death." However, the possibility that degra dation of NF200 is a secondary consequence of postsynaptic changes that ultimately lead to cell death cannot be ruled out. Afferent fibers may de generate following postsynaptic degeneration at the target site. This possibility is partially supported by the finding that NF immunostaining of the Schaffer commissural fibers is absent in field CAl but not in field CA3 at 7 days after reperfusion. This indicates that presynaptic degeneration only occurs in areas where postsynaptic targets have been eliminated. The gradual decrease in NF200 even at 1 day fol lowing ischemia also indicates the occurrence of secondary changes that evolve in parallel with the morphological changes.
In conclusion, the present study demonstrated that degradation of cytoskeletal proteins occurred even after ischemia of minimal duration and that it preceded actual neuronal death. This degeneration can be considered an important intracellular step toward "delayed neuronal death" after transient cerebral ischemia.
